, an ovine cathelicidin, was systematically altered to create a family of 23 related peptides for MIC and minimum bactericidal concentration determinations. SMAP28, SMAP29, and a derivative of SMAP29 called ovispirin were all antimicrobial. However, many congeners of SMAP29 and ovispirin were not as active as the parent molecules. With immunoelectron microscopy, SMAP29 was seen on membranes and within the cytoplasm of Pseudomonas aeruginosa PAO1.
Sheep myeloid antimicrobial peptides (SMAPs) are cathelicidins with broad-spectrum antimicrobial activity against gramnegative and gram-positive bacteria and fungi (1, 4, 8, 12, 14) . One cathelicidin, SMAP29, has been proposed elsewhere as a potent candidate for further research in the therapeutic treatment of acute and chronic respiratory infections including Pseudomonas aeruginosa associated with chronic respiratory inflammation in cystic fibrosis (4, 12, 14) . The composition of SMAP29 (also known as SC5) was first deduced from sheep myeloid DNA (1, 8) , and SMAP29 was later synthesized to assess its antimicrobial activity (4, 12, 14) . SMAP29 is a broadspectrum antibiotic (4, 8, 12, 14) , is active in both low-and high-ionic-strength conditions (14) , and induces significant morphological alterations in bacterial surfaces (12) .
The activity of cathelicidins varies depending upon the peptide composition (4, 14) , and even small alterations in the molecule can dramatically alter its properties. For example, SMAP29 shows little hemolytic activity towards human or sheep erythrocytes (14) , while SMAP28, with an N-terminal amine, causes hemolysis of human but not sheep erythrocytes (12) . In this study, we altered SMAP29 to create a family of 23 related peptides and determined their MICs and minimum bactericidal concentrations (MBCs) for nine ovine pathogens and Aspergillus fumigatus. Polyclonal goat antiserum against SMAP29 and protein G-colloidal gold (PG-CG) was then used to detect SMAP29 on membranes and in the cytoplasm by immunoelectron microscopy.
SMAPs (Table 1 ) and CAP18 were synthesized as previously described (4, 14) . For the broth microdilution assay (4, 15, 16) , peptides were diluted in 0.4% bovine serum albumin containing 0.02% acetic acid (0.16 to 80.00 g/ml) and added to polypropylene microtiter plates (Sigma, St. Louis, Mo.). Sodium phosphate buffer (10 mM; pH 7.2) with 140 mM NaCl (phosphate-buffered saline [PBS]) was added to control wells. Mueller-Hinton broth containing 1.0 ϫ 10 5 CFU of nine ovine pathogens; P. aeruginosa PAO1, as a susceptible control (4, Immunoelectron microscopy of P. aeruginosa PAO1 incubated with SMAP29 (50 g/ml) and detected with goat antiserum to SMAP29 and PG-CG. PAO1 incubated with SMAP29 (50 g/ml) and then with preimmune goat serum and PG-CG did not contain any label (A). At time zero, PAO1 was morphologically normal although many cells were dead upon culture (Table 4) . PG-CG labeling patterns indicated that SMAP29 was already attached to the outer membrane (B), and some outer membranous material and debris could be seen attached to many cells. By 0.5 h, most cells contained a very dense cytoplasm and large intracellular vacuolar spaces (C). Vast sheets of extracellular debris or cytoplasmic contents containing label could be seen (arrow). At 2 h, PG-CG label was seen attached to the extracellular debris and bacterial surface and throughout the cytoplasm (D). At 4 h, the outer envelope was very thick and the cytoplasm became more electron dense in the dead cells (E). At 8 h, bacterial cells were coalescing among extensive amounts of extracellular debris (F). 14); or A. fumigatus NADC 0073 (Tables 2 and 3) per ml was added. Mueller-Hinton broth was added to wells containing PBS and used as the plate blank. After 24 and 48 h at 37°C, the optical density of bacterial growth was determined (Spectromax microplate reader; Molecular Devices Corp., Sunnyvale, Calif.). The MIC (i.e., the lowest concentration of peptide that reduced visible growth) and the MBC were determined. The hemolytic activity of the peptides was assayed with a 1.0% suspension of washed ovine erythrocytes as previously described (14) .
The ␣-amino groups of SMAP29 and CAP18 (5.0 mg) were coupled to 5.0 mg of keyhole limpet hemocyanin with glutaraldehyde and used as antigens to immunize goats. The conjugate was suspended in PBS (3.1 mg/ml), emulsified in Freund's complete adjuvant (50% emulsion; total volume of 0.6 ml), and injected into four subcutaneous dorsal sites. Subsequent immunizations (days 14, 42, and 56 post-initial immunization) utilized the same conjugates. Antisera were collected on day 70.
All goats had antibody titers to P. aeruginosa (mean titer, 1:256), indicating previous natural exposure. As these antibodies would interfere with the specificity of the immunoelectron microscopy, sera were incubated for 1 h at 37°C with glutaraldehyde-fixed whole PAO1 cells. The cells were removed by centrifugation, and this procedure was repeated three times. After absorption, enzyme-linked immunosorbent assay titers, determined as previously described (3), were substantially reduced (mean titer, 1:8).
A dot blot assay was used to titrate the preimmune and immune serum titers. Absorbed preimmune serum had a titer of 1:2, and absorbed immune serum to SMAP29 had a titer of 1:256. Absorbed preimmune serum had a titer of 1:2, and absorbed immune serum to CAP18 had a titer of 1:2,048.
A suspension of P. aeruginosa (1.1 ϫ 10 8 CFU/ml) in 0.01 M phosphate buffer, pH 7.2, containing 1% Luria-Bertani broth was split among three groups. Acetic acid (0.02%; control solution), SMAP29 (50 g/ml, final concentration), and CAP18 (50 g/ml, final concentration) were added and briefly mixed. Samples were removed at time zero and 0.25, 0.5, 1, 2, 4, 8, and 16 h for quantitative plate counts (Table 4) , and immunoelectron microscopy was performed as previously described (2) .
Antimicrobial activity. We altered SMAP29 to identify peptides with potent antimicrobial activity that may have applications in the treatment of acute and chronic respiratory infec- tions. An alteration in SMAP29 to form SMAP28 was effective (MIC range, 0.3 to 1.7 g/ml for SMAP28 versus 0.6 to 2.5 g/ml for SMAP29) ( Table 2 ). SMAP28 is thought to be the native form of the peptide (8, 12) . However, further modifications in SMAP29 were not effective, and SMAP29-18, SMAP29-20, SMAP29-21, and SMAP29-18AA were less active ( Table 2 ). SMAP29 was slightly hemolytic, and SMAP29-18, SMAP29-20, and SMAP29-21 were not ( Table 2) .
A derivation in SMAP29, converting residues 1 and 2 to K and N and residues 6, 7, 11, 13, 14, and 28 to I, and adding an amine to the C-terminal G, resulted in a peptide called OV. This peptide was effective against ovine pathogens (MIC ranges, 1.3 to 10.0 g/ml) ( Table 3) . Modifications in OV peptides (e.g., OV-3, OV-4, OV-5, OV-6, and OV-7) did not substantially increase their activities. However, one congener, OV-1, had increased activity. As OV was shortened from both ends, activity declined (e.g., OV-13 to OV-16). In some cases, substituting residues in these peptides or adding an N-terminal amine could restore activity. OV had the highest hemolytic activity, and OV-12 had the lowest hemolytic activity (Table 3) .
Immunoelectron microscopy. Like other cationic antimicrobial peptides, SMAP29 induced ultrastructural damage in bacterial cells ( Fig. 1 and 2 ) characterized by rough surfaces containing extracellular debris and outer membranous blebs (5, 7, 9, 10, 13) , thickened cell walls (5, 7), and electron-dense cytoplasmic material (7) . Interestingly, the ultrastructural changes induced by SMAP29 were different from those induced by CAP18 ( Fig. 1 and 2 ). Although membrane damage induced in bacteria by cationic antimicrobial peptides has been reported, ultrastructural localization of peptide has never been shown, and we expected SMAP29 to localize in the outer and inner membranes. However, we found that SMAP29 (and CAP18) rapidly penetrated the outer and inner membranes and entered into the bacterial cytoplasm as early as time zero ( Fig. 1  and 2 ). Whether this is a result of a mechanism associated with peptide activity or a result of the presence of antimicrobial peptide transporters is not known. The latter is possible, as transport of antimicrobial peptides into cells can occur via the ATP-binding cassette transporter (6, 11) .
In conclusion, derivatives and congeners of SMAP29, with potent antimicrobial activity, may have applications in the treatment or prevention of infection, including P. aeruginosa associated with chronic respiratory inflammation in cystic fibrosis patients. Immunoelectron microscopy of P. aeruginosa PAO1 incubated with CAP18 (50 g/ml) and detected with goat antiserum to CAP18 and PG-CG. PAO1 incubated with CAP18 (50 g/ml) and preimmune goat serum and PG-CG did not contain any label (A). At time zero, PAO1 was morphologically normal and there was PG-CG labeling on the outer membrane, in the periplasm, and already throughout the cytoplasm (B). Extensive amounts of labeled outer membrane material were already sloughing from the bacterial cell (arrow). At 0.5 h, the amounts of extracellular debris increased and the integrity of the inner and outer membranes (arrow) began to deteriorate (C and D). At 4 h, many cells showed evidence of membrane damage (arrow) and extensive labeling throughout the cytoplasm (E). At 8 h, most bacterial cells were lysing (F) and the outer envelope was missing (arrow). 
